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miRNAs: Whys and Wherefores of 
miRNA-Mediated Regulation 
MiRNAs are assumed to be important in animal development and 
physiology, but their specific roles in vivo are still poorly understood. 
New bioinformatic and genetic studies are setting the stage for 
unraveling the specific biological functions of miRNAs. 
Eric C. Lai 
MicroRNAs (miRNAs) are an 
abundant family of endogenous 
~21–22 nucleotide RNAs with 
presumed post-transcriptional 
regulatory activity [1]. Although 
much is known about their 
biogenesis and biochemical 
properties, their specific biological 
functions in animals remain 
mysterious. This contrasts with the 
field’s origin in studies of the 
Caenorhabditis elegans genes lin-4 
and let-7, which encode the 
founding members of the miRNA 
family. Genetic studies delineated 
their control of developmental 
timing and identified key target 
genes — even before the molecular 
identities of lin-4 and let-7 were 
known [2]. Recent bioinformatic 
and experimental advances, 
however, portend rapid progress in 
understanding the targets and 
functions of animal miRNAs. 
Computational Discovery of 
miRNA Target Genes 
An obvious hurdle to 
understanding miRNA function is 
identifying their regulatory targets. 
Unlike plant miRNAs, animal 
miRNAs generally display only 
limited pairing to their targets: 
experiments indicate as few as 
seven contiguous basepairs 
between the target and the 5′ end 
of the miRNA — the miRNA ‘seed’ 
— suffice for regulation [3–5] 
(Figure 1, top). But simple 
searches for seed-complementary 
sites gives thousands of matches, 
just as it does for any random 
seven base sequence (7-mer). 
The key filter is that of selective 
constraint: functional sites are 
preferentially preserved over 
evolution relative to randomly 
matching sites. Recent studies 
[6–8] involving genome-wide 
comparisons across multiple 
vertebrate species have revealed 
large numbers of perfectly 
conserved 7-mers in 3′
untranslated regions (UTRs) of 
transcripts showing Watson-Crick 
complementarity to miRNA seeds. 
Interestingly, conserved sites 
show a propensity to have a 
flanking 3′ A, corresponding to the 
predominant 5′ U in miRNAs. That 
these sites are specifically 
(relative to their sequence 
context) and deeply conserved is 
strong evidence of regulatory 
importance. These studies 
suggest rather an embarrassment 
of miRNA targets: a minimum of 
one in three transcripts in 
mammals. 
Experimental Discovery of 
miRNA-Regulated Genes 
The importance of seed-pairing 
has been well-demonstrated, as 
Figure 1. miRNA–target 
even point mutations in this region 
can abolish site activity [4]. If all 
targets had canonical seed 
pairing, bioinformatics should 
reveal all miRNA targets. But 
some sites lacking canonical seed 
pairing are functional as a result 
of compensatory 3′ pairing (Figure 
1, bottom). For example, the miR­
196b site in HoxB8 has a G:U 
basepair in its seed; one of the 
let-7 sites in lin-41 has a bulged 
nucleotide in the seed region; and 
the miR-10 site in Scr has a short 
seed (five basepairs) [4 9,10]. Are 
there significant numbers of 
functional sites lacking canonical 
seed pairing? And how many 
functional sites are not even 
conserved? To address these 
questions, forward experimental 
strategies to identify miRNA 
targets are desirable. 
Microarrays successfully 
identify plant miRNA targets as 
transcripts whose levels decrease 
in response to ectopic miRNAs. 
As animal miRNAs were thought 
to act solely by inhibiting 
translation, this approach was not 
considered relevant to animal 
miRNAs. But the observation that 
off-target short-interfering 
(si)RNAs downregulate large 
numbers of transcripts with ‘seed­
like’ matches [11] suggested on­
target miRNAs might similarly 
downregulate transcript 
accumulation, although not 
necessarily by a RNAinterference 
(RNAi)-like target-cleavage 
mechanism. 
Lim et al. [12] now report that 
transfection of miRNAs into 
cultured cells quickly 
downregulates 100–200 
transcripts. Although this assay 
does not exclude indirect effects 
at the transcriptional level, 
downregulated transcripts 
showed a preponderance of seed 
matches in their 3′ UTRs, nearly 
half of which were conserved in 
other species. In fact, the seed 
sequence of the transfected 
miRNA could be accurately 
divined as the complement of the 
most over-represented sequence 
in downregulated 3′ UTRs. This 
study therefore strongly supports 
the notion that miRNAs can target 
lots (>100) of targets, 
TYPICAL: 5' miRNA (seed) pairing 
3′ miRNA 
5′ Target 
3′ 
5′
Not functional 
Seed 
broken 
RARE: compensatory pairing with miRNA 3' end
 Seed bulge G:U seed Short seed
Current Biology 
configurations. 
Top: most miRNA target 
sites are defined by 
Watson-Crick pairing with 
positions ~2–8 of the 
miRNA (the ‘seed’); there 
may be additional pairing 
with the 3′ end of the 
miRNA. Sites lacking seed­
pairing are generally non­
functional. Bottom: in rare 
cases, extensive 3′ pairing 
can compensate for imper­
fect seed pairing. 
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predominantly through conserved, 
perfect seed matches located in 3′
UTRs. 
Why So Much miRNA-Mediated 
Regulation? 
The idea that most animal genes 
may be directly regulated by 
miRNAs forces us to rethink 
general expectations about the 
rationale for miRNA-mediated 
regulation. The few animal 
miRNAs that have been well­
studied genetically control 
specific biological processes by 
switching off a few target genes at 
particular times or places. For 
example, the temporally regulated 
worm miRNAs lin-4 and let-7 each 
control stage-specific 
developmental transitions by 
repressing a few key timing 
factors (Figure 2A) [2]. The 
asymmetrically expressed worm 
miRNAs miR-273 and lsy-6 control 
cell identity by repressing key 
transcription factors involved in 
left or right ASE neuron 
specification (Figure 2B) [13,14]. 
But how are we to make sense of 
a single miRNA regulating 
hundreds of genes? 
One possibility is that some 
miRNAs may act as general 
repressors (Figure 2C), perhaps to 
define thresholds for gene activity. 
In this view, a given miRNA may 
regulate many functionally 
unrelated genes. As an example, 
two large classes of genes in the 
Drosophila Notch signaling 
pathway are regulated by multiple 
miRNAs [5], but many of these 
have other validated targets 
unrelated to Notch signaling [4]. 
Targets of this class may 
potentially be subject to subtle 
regulation, for the purpose of fine­
tuning expression levels. 
A more provocative rationale 
was proposed by Lim et al. [12]. 
They focused on highly tissue­
specific miRNAs: muscle/heart­
specific miR-1 and nervous 
system-specific miR-124. 
Curiously, the genes 
downregulated by miR-1 are 
normally expressed at lowest 
levels in the muscle/heart relative 
to other tissues, while targets of 
miR-124 are lowest in the brain 
[12]. It appears, then, that ectopic 
miR-1 shifts a generic cell 
expression profile towards that of 
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Figure 2. Biological rationales of miRNA-mediated regulation. 
Many genetically characterized miRNAs are switches that strongly repress one or a few 
target genes at a particular time (A) or place (B) during development. Not shown are 
potential metabolic switches, such as miR-375 or miR-277, which may dynamically reg­
ulate target genes in response to changing metabolic demands. Other miRNAs may 
regulate tens or hundreds of target genes. Some may function as general repressors of 
genes whose overexpression is undesirable or as fine-tuners of expression (C). Other 
miRNAs may specifically enforce the identity of a tissue by repressing genes whose 
expression in that particular tissue is detrimental (D). Note that a given miRNA may have 
a spectrum of targets which could collectively fall into several of these categories. 
muscle/heart, while miR-124 
shifts it towards the brain. Lim et 
al. [12] suggest that miR-1 and 
miR-124 might help define or 
maintain mesodermal and neural 
identities by reducing expression 
of genes not supposed to be 
active in the respective tissues 
(Figure 2D). 
Biological Importance of 
Individual miRNAs 
The mind can get dizzy pondering 
regulatory networks amongst 
hundreds of miRNAs and their 
thousands of targets. Still, are 
particular miRNAs and 
miRNA–target interactions more 
important than others? Might 
some miRNAs have many targets, 
but still play a minor quantitative 
role in overall gene regulation? 
Given that a third or more of the 
genes in a cell may be regulated 
by miRNAs, loss of miRNA­
mediated regulation is not quite 
as catastrophic as one might have 
presumed. 
This was recently made clear 
by the Schier lab [15]. They 
studied fish devoid of miRNAs by 
removing both maternal and 
zygotic stores of the miRNA­
producing enzyme Dicer (MZ-
Dicer). Although this is a lethal 
condition, these fish still form an 
anterior–posterior axis and 
differentiate multiple cell types — 
so not everything about life 
apparently needs miRNAs. 
Instead, they display selective 
defects in morphogenesis, 
somitogenesis, heart 
development and brain 
formation. Surprisingly, the 
authors could rescue MZ-Dicer 
brain defects by injecting a single 
pre-processed miRNA, miR-430, 
which presumably is most 
responsible for brain 
development in zebrafish. 
Systematic tests of the ability of 
injected miRNAs to rescue 
aspects of the MZ-Dicer 
phenotype should elucidate 
essential functions of other 
individual miRNAs. 
Another approach is to examine 
miRNA mutant phenotypes. 
Although some dramatic miRNA 
mutants have been published, 
many other loss-of-function 
alleles do not show clear mutant 
phenotypes. One interpretation is 
that many miRNAs are only subtly 
required for gene regulation, 
although this is tempered by the 
fact that functionally related 
miRNAs may have to be deleted 
for a phenotype to be revealed. In 
vivo knockdown, by injecting 2′O­
methylated oligoribonucleotides 
complementary to miRNAs [16], is 
a convenient way of sampling 
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potential miRNA mutant 
phenotypes. A variety of specific 
phenotypes are obtained by 
inhibiting miRNAs in Drosophila 
embryos (Ulrike Gaul, personal 
communication), so this approach 
may lend rapid insight into the 
biological functions of miRNAs. 
Functional Non-Equivalence of 
miRNA–Target Interactions 
A single miRNA might regulate a 
hundred targets, but are certain 
targets more important than 
others? Although one might 
address this using quantitative 
assays of miRNA-mediated 
repression, genetics may provide 
a more relevant evaluation. For 
example, there are genes for 
which two-fold repression causes 
mutant phenotypes, whereas 
others can be knocked-down ten­
fold without discernable effect. 
If an individual miRNA actually 
has hundreds of equally 
important targets, understanding 
its function by genetic means 
may prove challenging. And if 
target genes are coordinately 
regulated by several different 
miRNAs, phenotypes of miRNA 
and target may not be 
concordant. But if there are only a 
few key targets for a given 
miRNA, loss of binding sites in 
the target(s) should partially 
phenocopy mutation of the 
miRNA. For example, no matter 
how many target genes are 
predicted for lin-4, genetics 
shows that lin-14 and lin-28 are 
its most important targets, as loss 
of lin-4-binding sites in lin-14 (and 
to a lesser extent lin-28) 
phenocopy most aspects of lin-4 
mutants [2]. It will be interesting 
to know if individual miRNA 
targets can largely account for 
other miRNA mutant phenotypes. 
One might also ask if any 
miRNA mutant phenotypes are 
suppressed by decreasing the 
dosage of target genes. This 
might be expected if the miRNA 
loss-of-function phenotype is due 
primarily to overexpression of a 
few key targets. Caution must be 
exercised in evaluating genetic 
interactions, as positive results 
do not prove a direct regulatory 
interaction. Nevertheless, further 
strong evidence that lin-41 is an 
essential target of let-7 came 
from showing that reduction of 
lin-41 gene dosage strongly 
suppresses lethality of let-7 
mutation [9]. More recently, 
knockdown of many other genes 
bearing potential let-7 target 
sequences was reported to 
suppress let-7 lethality to varying 
extents, suggesting that let-7 has 
several other direct targets [17]. 
Parallel Lives of Transcription 
Factors and miRNAs 
The more we understand miRNA 
function, the more parallels we 
see with gene regulation by 
transcription factors. Both 
influence target gene expression 
via specific cis-regulatory 
elements. Some regulate very 
specific events via small numbers 
of targets, others may be general 
regulators of gene expression; 
miRNAs may even prove to 
employ combinatorial logic [5,7], 
as is well-known for transcription 
factors. As short sequence motifs 
can suffice to bring a gene under 
the control of either transcription 
factors or miRNAs, flux in both 
types of cis-regulatory element 
may alter gene activities during 
evolution. 
With these similarities in mind, 
it is worth emphasizing a lesson 
well-appreciated from studies of 
transcription factors. While it is a 
trivial matter to identify 
thousands of great-looking 
binding sites for one’s favorite 
transcription factor, simple lists 
of binding sites and candidate 
targets seldom offer profound 
biological insights on their own. 
The targets of a transcription 
factor can vary widely in their 
quantitative or qualitative 
importance, and may be relevant 
at different times or places. There 
can be complex positive and/or 
negative effects from other 
regulatory factors that can 
influence the activity of individual 
regulatory sites in unexpected 
ways. Similarly, candidate miRNA 
target lists are not an ending 
point, but rather a starting point, 
for understanding their regulatory 
importance in the context of a 
living organism. 
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